Nanowires (NWs) are a crucial component in today's nanoscale devices and are vital to the further development of nanotechnology. To achieve reliable growth of NWs and uniform electronic properties, the specific mechanisms that control the structural development of NWs and the correlation between NWs and their nucleation and growth processes must be examined. Because imaging is not possible in Chemical Vapor Deposition (CVD) chambers, in situ transmission electron microscope (TEM) based growth methods provide a method for characterizing NW evolution. In this paper, we describe a new method of in situ synthesis and imaging of NWs using laser-assisted growth inside a TEM.
The vapor-liquid solid (VLS) growth mechanism (Figure 1), first described by Wagner and co-workers, [1, 2] is a widely accepted description of how many 1D nanostructures are formed. VLS and similar models have been applied to such methods as hybrid pulsed-laser ablation/chemical vapor deposition (PLA/CVD) [9] and laser assisted NW growth at elevated temperatures, [10] [11] [12] [13] [14] in which a pulsed laser ablates a target with gas flowing through the reaction chamber held at elevated temperature. These methods have successfully produced semiconductor and conducting oxide [3] NWs with size control determined by the catalyst droplet diameter. [4] The VLS description of NW growth is a widely accepted model, but the exact role of vapor species and its interaction with the catalyst particle is not fully understood. For example, NW growth has been observed to occur far below predicted eutectic temperatures, [5, 6] which suggests that alternative mechanisms such as solid-liquid-solid growth (SLS) may play a role. [7, 8] Many NW fabrication techniques preclude direct in situ characterization of the growth process. Because of this need for direct observation during growth, TEM-based NW growth methods have become increasingly popular. [15] [16] [17] Though progress has been made in the study of the VLS mechanism of NW growth using in situ TEM, conventional in situ growth experiments are limited by the standard video frame rate ($30 Hz). Due to this limitation, relationships between reactant incorporation and transport, catalyst-wire interface development, and wire growth texture remain somewhat unclear. Moreover, laser-assisted phenomena (PLA or PLA/CVD) cannot be studied with conventional in situ TEM, which is typically performed with environmental TEM techniques using resistive heating. [15] [16] [17] A novel form of in situ TEM for the study of NW growth by laserassisted techniques is described in this paper.
Here we present an in situ method for PLA synthesis of 1D nanostructures using the dynamic transmission electron microscope (DTEM) [18, 19] that will permit the details of laser-assisted NW synthesis to be elucidated. The DTEM, schematically shown in Figure 2 , consists of a TEM column (JEOL 2000FX) to which a pulsed Nd:YAG laser, labeled ''hydro-drive laser'' in Fig. 2 , is added. This laser is incident directly on the sample and can be operated at 1064, 532 or 355 nm. The direct delivery of energy initiates a phase change or reaction that is investigated in situ during the experiment. Thus, the microscope can be used to fabricate NWs while simultaneously characterizing the reaction products created by each laser pulse. A second pulsed laser (15-ns-duration frequency-quintupled Nd:YLF) added to the column (labeled ''cathode laser'' in Figure 2 ) enables operation in both a pulsed photoemission and conventional thermionic continuous-wave (CW) electron beam imaging modes. [19] The pulsed mode's nanosecond-scale imaging capability greatly exceeds the $30 Hz time resolution of conventional in situ TEM and can potentially provide a detailed understanding of NW growth. Time-resolved imaging experiments aimed at capturing the intermediate states at nanosecond time scales in PLA NW growth are underway and will be addressed in a future publication. In this paper, we present results obtained using in situ imaging in conventional CW imaging mode, but taking advantage of the DTEM's in situ laser drive capability. Specifically, we will present the first results using the sample (''hydro-drive'') laser at 355 nm to stimulate the growth of the nanostructures, therefore revealing the DTEM as a tool for in Wires produced in the DTEM were similar to those produced using ex situ laser assisted growth experiments, [9] [10] [11] [12] [13] [14] yet did not require gas flow or resistive heating. The NW production was monitored in situ during pulsing using CW electron beam imaging in the DTEM. Figures 3 and 4 depict images collected during the growth of a Si NW by laser-heating and laser ablation, respectively. The images in Figure 3 were taken in situ in the DTEM during pulsed heating of the sample using CW imaging in the DTEM. Laser heating is shown to develop early stages of NW growth: balling up of the Au film, alloying, and initial wire growth. The sample was treated with 10 drive laser pulses between the first and second images and 10 additional drive laser pulses between images B and C. We found that heating was capable of producing some of the initial catalyst alloying steps in the VLS process, however the wire growth appears to have been halted regardless of further laser pulses at these energy levels (below the ablation threshold), thus the VLS process could not continue.
Because conventional VLS experiments (e.g., CVD) require a vapor species (e.g., SiH 4 ) to adsorb on the catalyst surface during growth, we also treated the sample above the ablation threshold to produce vapor. Unlike the heating experiments which only produced the initial stages of NW growth, these PLA experiments yielded crystalline wires up to and more than 1 mm in length appearing near the edges of the ablated regions, in areas that were heated but not ablated during the laser pulse (Figure 4) . These regions experienced a brief but intense flux of silicon atoms during the pulse. The presence of this vapor appears to be the crucial difference between the barely-nascent NWs shown in Figure 3 and the well-developed crystalline NWs in Figure 4 . The images in Figure 4 were taken in situ in the DTEM using CW imaging, during the ablation experiments.
It was evident that though the laser allowed controlled pulsed heating for initiating the growth of NWs, the PLA method was more successful in growing crystalline NWs with lengths comparable to those grown with the VLS method. To further examine the structure and morphology of the NWs grown by PLA, the NWs were characterized post-synthesis in an FEI Tecnai 200 kV TEM; these images are shown in Figure 5 . Though none of the NWs shown in Figure 5 contain catalyst bulbs, we found that the 4 nm Au catalyst film layer played a crucial role in NW development: we carried out the same experiments on Si (111) films without an Au layer, and we could not grow NWs. Additionally, the difference between the stunted wires in Figure 3 and the well-developed wires in Figure 4 appeared to be related to the presence of silicon vapor A schematic of the sample region (holder in pole piece gap) shows that the beam path comes in at a 408 angle to the sample surface; this laser treats (heating or ablation) the sample. The electron beam is normal to the sample surface, and electrons pass through the sample for imaging (labeled ''e-''). in the latter case. To elucidate this further, we performed a calculation to estimate the reactant atom flux during PLA. These calculations show that there was a large enough flux to mimic some aspects of the VLS process, such as reactant adsorption on a wire or catalyst surface. The Si flux at the wire growth position was estimated from the volume of ablated material and the distance from the laser spot center. A single laser pulse creates a hole $50 mm in diameter in the Si layer, with an average thickness of 100 nm. This volume contains $10
13 Si atoms. We assume that these atoms disperse isotropically at $1000 m/s ($(kT/m) 1/2 for Si at its normal boiling point), redepositing on the first surface they encounter. Thus, a growth site $5 mm from the edge of the ablated region is bombarded with some 900 Si atoms/nm 2 within $100 nanoseconds after the pulse; this greatly exceeds the flux density of residual gas molecules ($10 À6 torr). The flux density is equivalent to an 18 nm solid thickness, yet the wires grew to more than 1 mm in length. Therefore, the direct Si flux to the surface of the growing wire does not account for all of the material. This suggests that most of the Si arrives through an indirect path, such as by first dissolving in the Au catalyst before diffusing to the NW growth site. Molecular dynamics of the PLA process, coupled with time-resolved imaging in the DTEM, are underway to understand the behavior of the Si atoms at the redeposition site leading to NW nucleation and growth. [20] To clarify our calculations and to propose a growth mechanism, we analyzed samples ex situ from the initial stages of growth using Z-contrast imaging and Energy Dispersive Spectroscopy (EDS) in a JEOL 2500SE TEM. In Figure 7 the stages are labeled ''1'' and ''2'', and correspond to the steps outlined in Figure 6 . The image labeled ''3'' is repeated from Figure 4 . The long crystalline NW (image ''4'') is the final stage. EDS revealed that the initial pulsing produces Au ''balling up'', followed by alloying of Au and Si to form a catalyst. Unlike classical VLS growth, this PLA synthesis method produced NWs lacking catalyst bulbs at their free ends. Thus, with the calculations of atom flux during PLA and the observed structure and morphology of the NWs, we propose the following mechanism for NW growth via PLA: the 4 nm Au film is broken up into Au droplets and/or particles with the initial laser pulse. Further pulses form an alloy of SiAu, which acts as a catalyst. Thereafter, additional pulses allow the ablated 100-1000 Si atoms/nm 2 to redeposit onto the remaining Si substrate and SiAu catalysts, providing a sudden, intense influx of heat and of fast-moving, non-equilibrated silicon atoms. As the system relaxes toward thermal equilibrium and gradually cools, excess Si atoms find their way onto the fast-growing (111) face on the end of the emerging Si NW, resulting in the catalyst-wire morphology shown earlier in Figures 5b and 5c . This mechanism is shown in Figure 7 .
In summary, we present a demonstration of the DTEM as a tool in which NWs may be imaged during PLA synthesis. Thus, in future we will be able to determine the local microstructure and morphology before, during and after laser-assisted NW formation, giving us insight into the processing parameters that influence growth. Si NWs were fabricated without resistive heating or the flow of reactant gases. This work establishes the ability to fabricate nanoscale systems in the DTEM under non-equilibrium conditions while simultaneously having the ability to image the growing nanostructures after each laser pulse. The initial results presented in this letter www.small-journal.com focus on the controlled synthesis capabilities of the hydrodrive laser in the DTEM, and suggest that the DTEM may allow the complexity of the VLS mechanism to be evaluated without the need of external gas delivery (i.e. SiH 4 ) to the growth substrate. This capability opens the door to the development of routine nanoscale engineering methods (as opposed to the trial and error methods currently employed). A complete understanding of the origin of texture, morphology and extended defects in NWs during nucleation and growth will allow for a more comprehensive model of the mechanisms involved in 1D nanostructure production, and hence have a great impact on the future of the use of NWs in electronic device fabrication.
Experimental Section
Experimental Apparatus and Laser Parameters for NW Synthesis: DTEM experiments were carried out in a modified JEOL 2000FX TEM by hitting a sample with the hydro-drive laser (at a 43-angle and 355 nm wavelength) and viewing the synthesis reaction in situ using electron beam imaging (Figure 2 ). The images were collected using a standard single-electron-sensitive TVIPS camera. The laser energy can be adjusted for heating, melting or ablation. Its energy distribution is Gaussian, within a 2000 mm 2 spot size. The ablation thresholds reported by Gusev and co-workers [21, 22] for 355 nm laser treatments of Si were used as guidelines. Films of <111> Si with a 4 nm Au layer (as a catalyst) were treated with a frequency tripled (355 nm) Nd:YAG laser with 8 ns pulses at 200-275 mJ (for heating or ablation). The ablation threshold for the Si/Au samples was observed to be 240 mJ (larger than quoted levels for ablation in the literature, possibly due to the Au layer reflecting the beam). Treatments at energies below the ablation threshold were considered ''heating'', while treatments above are referred to as ''ablation''. Gas was not introduced into the TEM chamber. NWs were produced by varying only one parameter: laser intensity.
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